Wastewater management at highway rest areas often presents unique challenges because of the rural locale, high variability in wastewater flow rate and strength, and lack of knowledgeable personnel. Subsurface constructed wetlands are considered in this study as an alternative to conventional treatment technologies in handling wastewater generated at rest areas. This study involves the construction of a subsurface flow constructed wetland treatment and biofield disposal system at interstate highway I-70 rest area station near Greenfield, Indiana. As the effluent wastewater is highly concentrated due to the use of low-flow restrictors at the restrooms, a different hydraulic scheme is called for in designing this wetland system in order to increase oxygen transfer and hence treatment efficiency of the system. Two parallel wetland cells are devised for a cyclic operation to allow filling of one cell while draining the other. Such configuration is combined with recirculation and followed by a third conventional plug-flow wetland cell to further enhance treatment ability. A biofield is also designed for subsurface discharge of a small portion of the effluent while the rest of the effluent is returned to the local sewer. Extensive instrumentation is installed to monitor flow rates and collect water samples at various strategic points in the system. This paper presents an overview of the project, details the design of the system and the instrumentation for flow measurement and sampling. Preliminary assessment of the wetland performance is presented along with the data from the first few months of operation. Future study goals are also identified in the paper.
Introduction
Wastewater management at highway rest areas has long been a concern for transportation officials. Several factors make wastewater treatment difficult and costly at many rest area facilities:
• Remote location
Rest areas are usually located at rural areas where existing sewer or sewage treatment is not available. As a result, a wastewater treatment and disposal system is often required on site.
• High wastewater strength
Toilet wastes constitute the majority of the wastewater generated at a rest area. Little wash water is available to dilute the wastes especially when watersaving faucets and toilets are installed, resulting in very strong wastewater with high biological oxygen demand (BOD) and total nitrogen.
• High variability in wastewater flow
The flow of wastewater can increase substantially during peak traffic hours and holidays. The large variability in flow puts stress on the treatment system even if the system has been designed to handle peak flow conditions.
• Limited personnel
Conventional wastewater treatment systems usually require constant supervision to ensure proper operation. However, due to limited budget or other reasons, limited personnel are available to closely monitor and maintain the system at optimum performance.
Almost all of the rest area facilities in the State of Indiana rely on some type of small package plants using conventional technologies to treat wastewater. Adverse conditions owing to some of the above factors result in frequent violations of permit discharge limits. Also, these conventional treatment systems typically incur high capital, operating, and maintenance costs. Wastewater treatment using subsurface constructed wetland appears to be an attractive alternative solution especially from a financial perspective, since such a system is usually less expensive to build and operate, and maintenance of the system is small.
Over the past decade, constructed wetlands have become a popular means for small to medium scale onsite wastewater treatment. Subsurface flow constructed wetlands (SFCW) have the additional benefits of a smaller footprint and subsurface water level that prevents mosquitoes, odors, and direct public contact with partially treated wastewater. Despite a large number (about 1,000 in the year 2000) of small scale SFCW systems present in the US (USEPA, 2000) , extensive data collection and research are only available for a few of those systems. However, due to the sitespecific nature of wetland treatment systems, data collection documenting performance of small-scale systems is critical to any modeling efforts for developing design guidelines.
In light of the need for extensive flow and water quality data, a heavily instrumented subsurface wetland treatment and biofield disposal system is designed and constructed. This wetland system receives and processes wastewater generated from a highway rest area facility. A number of modifications (compared to a typical horizontal flow-through wetland) are made to this system in an effort to enhance oxygen transfer to the wastewater and subsequently improve treatment performance especially in the removal of nitrogen. The application of SFCW treatment technology is relatively new to rest area locations. This project will help to evaluate the relative utility and performance of SFCWs.
Project Background
The Greenfield Rest Area is located along interstate highway I-70 near Indiana State Road 9 in Hancock County, Indiana. Wastewater is generated from two separate buildings situated at opposite sides of the east-and west-bound lanes, respectively. Prior to this project, the wastewater from both buildings was collected at the westbound side where a lift station delivered the wastewater via a three-mile long sewer line to another lift station at the City of Greenfield. Long residence time in the sewer line allowed the conversion of urea and proteins to ammonia under anoxic conditions. To conserve water, low-flush toilets and flow-restrictive faucets were installed in the restrooms, resulting in further increase of the strength of wastewater. The City of Greenfield, as a result of the elevated concentrations in BOD and ammonia-nitrogen, imposed surcharges on the rest stop facility in addition to the sewage bill. The wastewater was also causing odor problem at the City's lift station.
In order to address these problems, a constructed wetland wastewater treatment and disposal system was proposed and designed for the Greenfield Rest Area by two local engineering firms. The wetland system is designed to reduce the BOD and nitrogen concentrations while the biofield system will provide further treatment and allow the subsurface disposal of a portion of the effluent.
Treatment System Design
The wetland treatment system is sized for a peak design flow rate of 37,850 L/day (10,000 gpd) with the following wastewater characteristics:
To accommodate the high strength wastewater, a number of modifications to the conventional plug-flow wetland are made in an attempt to increase treatment performance of the system. The following paragraphs detail each component of the wetland system and its corresponding functions and design rationale. A layout of the system is shown in Figure 1 . Subsurface Wetland System. Using the pump system in lift station LS-1, the effluent from the septic system is fed into two parallel wetland cells (W-1 and W-2), followed by a third smaller polishing wetland (W-3). The two parallel wetlands cell are 17 m by 17 m (56 ft by 56 ft) in size and 0.9 m (3 ft) in depth, while the third wetland cell is 6.1 m (20 ft) wide, 12.2 (40 ft) long (along flow direction) and 0.6 m (2 ft) deep. Each wetland cell contains two distinct sections. At the front (inlet) end, an elevated gravel mound covers an influent manifold system that distributes wastewater evenly across the front section of the cell. The manifold is located above the water level in the cell, which allows wastewater to trickle down the gravel medium and therefore acts like a vertical filter. The intent of this vertical filter is to increase oxygen transfer to the wastewater and therefore promote nitrification. Partial removal of BOD is also achieved in this section. The second portion of the cell is a vegetated subsurface flow wetland. This subsurface flow section will mainly provide denitrification, removal of suspended solids by filtration, and reduction in BOD through biological processes. A subsurface effluent manifold is located at the outlet end and near the bottom of each cell. Wetland Media. Two different sizes of river-washed gravel are used as the wetland medium. A larger size of 3.8-7.6 cm (1.5-3 in) gravel is used in the vertical filter (front) sections of the wetland cells in order to reduce the potential of clogging. A smaller size of 2.5-3.8 cm (1-1.5 in) gravel is used in the horizontal flow sections. In the same section, a 15.2 cm (6 in) layer of pea gravel is laid on top to support vegetation growth. An additional thin layer of peat moss is placed on top of the pea gravel to provide thermal insulation over winter months. All of the gravel used in the system is mixed in with crushed lime stone (10% by volume) to ensure adequate alkalinity for nitrification.
Cyclic "Draw-and-Fill" and Recirculation. Under normal operation, the two parallel wetland cells (W-1 and W-2) operate in an alternate draw-and-fill scheme. One cell is being filled while the other is being drained. Ideally, when the filling cell is full, drainage of that cell starts and the drained cell is being filled again. Recent research (Behrends, et al., 1996; George et al., 2000; Young et al., 2000) has shown that similar operation with draw-and-fill cycles can significantly improve the efficiency of BOD and nitrogen removal as a result of enhanced oxygen transfer. A flow splitter box is installed at the outlet of the two parallel wetlands, which allows recirculation of up to 83% of the effluent back to the second septic tank through lift station LS-2. Recirculation helps dilute the high strength influent wastewater before it enters the wetland cells and the second septic tank provides organic substrate for denitrification.
Biofield. The biofield is essentially a sand mound with top soil seeded with prairie grass. It has a bed area of 30.9 m² (333 ft²) and a basal area of 153.5 m² (1652 ft²). The biofield is intended to provide denitrification and allow for the disposal of treated effluent via evapotranspiration and infiltration to the subsoil.
Wetland plants.
Recent research has suggested that wetland vegetation provides little oxygen transfer to SFCW systems (George et al., 2000; Liehr, et al. 2000) and therefore fails to provide significant benefit in terms of treatment. However, wetland plants are still important to the system because (i) they increase the rate of water loss through evapotranspiration; (ii) the extensive root systems provide large surface area for bacteria growth; and (iii) they also provide aesthetic enhancement to the treatment facility.
Approximately 3,820 plants of 13 different species are randomly planted in the three wetland cells. A variety of perennial bulrush, sedge, and grass is used to increase the diversity and a number of flowering species are also planted for aesthetic reasons.
Instrumentation
The treatment system is heavily instrumented so that good quality data can be obtained to evaluate and model the performance of the system. Water Quality Sampling. Four automatic samplers are installed to collect wastewater samples at various points in the system. The first one (AS-1) samples the effluent of the first septic tank. The second one (AS-2) is placed after the second septic tank. The third one (AS-3) is placed at the outlet of the parallel wetlands pm the recycling branch. The last one (AS-4) samples the effluent of the polishing wetland cell. Monitoring wells are also placed in each wetland cell so that samples can be taken from the within the wetland and flow depths can be measured. Monitoring wells are also present at the biofield.
Weather Station. A weather station is installed on site to obtain data on rainfall, wind speed, temperature, and evapotranspiration. These data will be important to obtain the water and energy balances of the system, as well as to help determine the reaction rates for different biological and chemical processes occurring in the system.
Data Logging.
A data logger is installed on-site to process and store flow and sampling data. A modem will also be in place to allow remote access.
Construction and Start-Up
The construction of the wetland system began in the winter of 2002. The system is situated at the westbound side between the rest area building and the highway. During the construction, it was found that the underlying soil on the premise is a backfill that consists of very tight clay with very little infiltration capacity. Native soil was found about 2-2.5 m (6.6-8.2 ft) below the ground surface. The plasticity of wet clay caused some problems during the construction of the wetland cells. Pressure from heavy equipments caused the wet clay to swell and deform, thus making grading and lining of the cells very difficult. The wetland cells were planted in August 12, 2003. Initially, clean water mixed with plant fertilizers was used to fill each cell allowing plants to establish before the introduction of wastewater. The startup of the system took place in early October. In order to help establish the vegetation, the cyclic drain-and-fill operation was replaced by a flow-through operating mode where the water levels in the parallel wetlands were maintained at a constant depth. Figure 2 shows the pictures of the planted wetland cell 2 (W-2) on two different dates. Note that the wetland plants were still green despite colder temperature in November.
Several problems emerged during first few months after the startup:
• Hydraulic issues The pumps for the wetland dosing lift station (LS-1) are undersized for the surges generated as a result of the pressurized feed from the eastbound building. High water alarm of LS-1 was triggered frequently. High rate of recirculation (close to 83%) also contributed to the problem. Peak flow rates in excess of 113,560 L/day (30,000 gpd) over the Christmas holiday period were recorded, causing temporary shut down of the system. Since then, only wastewater from westbound side is fed by gravity to the system. Recirculation has also been terminated. The design engineers propose that a surge tank be added upstream of the septic tanks in order to alleviate the surges from the eastbound side.
• Flow measurements
The overcapacity of LS-1 had, in several occasions, caused water to backup into the septic system and therefore flooded the weir chamber. Flow measurements by the weir were not accurate in those circumstances. Also the flow rates measured by the weir were too small in comparison to the flume measurements, which might be due to some calibration problem. For the flume measurements, erroneous data were obtained possibly due to frozen condensation formed on the ultrasonic level sensor. The magnetic flow meters seemed to have performed better overall; however, the flow data from those magnetic meters were not recorded until late December, 2003. Work is underway to correct the problems experienced by the flow meters.
• Biofield
Upon the completion of the biofield, an infiltration test was performed at the fringe of the biofield. The infiltration rate was found to be 1.7 mm/day, which is comparable to a typical clay soil. Flow to the biofield will be shut off until a suitable dosing rate can be calculated.
Given the design flow rate, the wetland treatment system as a whole is estimated to have a maximum hydraulic retention time (HRT) of 5 days under the cyclic drawand-fill operating mode. The porosity of the wetland medium is assumed to be 0.3 for the calculation of the HRT. At the time of writing this paper, the parallel wetlands are simply operating as regular flow-through cells without alternate draining and filling. The HRT for the flow-through operation is in excess of 7 days.
Preliminary Assessment of the Flow Data and Wetland Performance
Although the flow meters have not yet produce reliable data, certain trends can be observed from the limited flow data collected so far. The variability of the inflow (from both buildings) is quite high. On weekdays, the influent flow rate hovers around the design flow of 37,850 L/day (10,000 gpd); however, on weekends, the daily flow can exceed 75,700 L/day (20,000 gpd). As mentioned earlier, a flow rate of greater than 113,560 L/day (30,000 gpd) was recorded on December 29, 2003, causing the system to shut down temporarily. A two-fold increase in daily flow rate will cut the HRT in half and will therefore adversely affect the effluent quality.
Wastewater samples were taken at three different points in the system on December 22, 2003 and were analyzed for pH, total suspended solids (TSS), ammonia nitrogen (NH 3 -N), and 5-day biological oxygen demand (BOD 5 ). Test results are shown in Table 1 . It is observed that the system had not been providing much treatment. Possible reasons are as follows:
• The wetland system had not been established in slightly more than two month's time. Experience from other SFCW systems suggests that it usually take at least a full year for a wetland system to reach its full treatment potential.
• The below-freezing air temperature greatly reduced the reaction rates of the systems.
• There might have been dead zones or preferential flow in the parallel wetland cells since the system is in the through-flow operating mode. The length to width ratio of the first two cells might be too small to allow adequate mixing.
• The HRT of the system was smaller than the designed value due to high flow volume on weekends and holidays when traffic volume was high. The pH of the wastewater is slightly higher than typical septic effluent because there is little grey water to dilute the urine which has a pH of about 9.
Lessons Learned So Far
• The flow rates and characteristics of the wastewater generated from rest area facilities were not well-understood prior to the design of the system. Variability of flow rates is higher than expected. The peak flow can be as high as three times the average flow rate. The design of any treatment system for rest area application has to be conservative. The system capacity should be designed based on an estimated peak flow rate if actual measurements can not be made.
• The uncertainty of the open channel flow measurements can be quite high.
The estimated error of the flume measurements is in the order of 10-30% at the range of flow rates recorded within the system. The error of the weir measurements is slightly better at 5-15%. A careful calibration might be required to minimize these errors.
Research Activities
Variability seems to be the main challenge in the modeling and designing of the SFCW system. For the rest area application, large variability exists in the influent flow rate due to large fluctuation in traffic volume. In general, variability in temperature has the greatest impact on the system in terms of treatment performance. The temperature, in turns, affects the growth rates and patterns of vegetation. In the long run, many system parameters, such as the porosity and hydraulic conductivity of the wetland cell and the reaction rates of the system, are affected as the system becomes more established over time. Modeling of various processes of the system requires that the short term variability in flow rates and climate parameters be taken into account. On the other hand, the long term variability or trend should be monitored and observed since the design equations and criteria should be determined based on the long term performance of the system.
The Greenfield wetland treatment system will be monitored closely for a two to three year period. With extensive instrumentation in place, data of high temporal resolution can be obtained and analyzed. Data collected from the system will be used to develop a complete hydraulic and treatment process model that can be generalized for the use of other SFCW systems. A tracer test will be performed and results will be used to calibrate the model. Also, based on the model and the experience gained on this project, design equations and guidelines will be developed with specific application of the SFCW system for rest area facilities. New design guidelines are necessary because the current guidelines were developed for typical low-strength septic effluent. Since wastewater from rest areas is high in strength and its flow rate varies substantially with time, different design guidelines tailored to rest area application have to be formulated.
